The occurrence of a delayed light emission in photosynthetic organisms was first reported by Strehler and Arnold.' This emission was shown to have the same spectrum as that of the fluorescence of chlorophyll in vivo,2 but a much greater lifetime. It therefore reflects the restoration of singlet excited states in chlorophyll at the expense of metastable energy. Arnold and Sherwood3 have proposed a semiconductor mechanism in the chloroplast to explain the delayed light emission, whereas Strehler4 has favored a mechanism based on back-reaction of chemical intermediates of photosynthesis.
The occurrence of a delayed light emission in photosynthetic organisms was first reported by Strehler and Arnold.' This emission was shown to have the same spectrum as that of the fluorescence of chlorophyll in vivo,2 but a much greater lifetime. It therefore reflects the restoration of singlet excited states in chlorophyll at the expense of metastable energy. Arnold and Sherwood3 have proposed a semiconductor mechanism in the chloroplast to explain the delayed light emission, whereas Strehler4 has favored a mechanism based on back-reaction of chemical intermediates of photosynthesis.
Observations in this laboratory (unpublished) have shown a relationship between delayed light emission (measured 3 msec after illumination, using a Becquerel phosphoroscope) and photosynthetic phosphorylation. Meanwhile, Jagendorf and Uribe5 have shown that synthesis of ATP can be induced in chloroplasts, without illumination, through a transition from an acidic to a basic environment. Therefore, it was natural to inquire whether an acid-base transition could bring about luminescence as well as phosphorylation. It will be shown here that an acid-base transition, performed in the manner described by Jagendorf and Uribe, causes spinach chloroplasts to emit a flash of light having the spectrum of chlorophyll fluorescence. The dependence of this chemiluminescence on a variety of conditions will be described.
Materials and Methods.-Chloroplasts were prepared from spinach by the method of Good.6 Briefly, leaves were ground in a chilled mortar with sand in an aqueous medium containing 135 gm/liter sucrose, 2.5 gm/liter bovine serum albumin (Sigma fraction V), 0.05 M Tricine, and 0.01 M potassium chloride, adjusted to pH 7.8 with sodium hydroxide. After grinding, the mixture was filtered through glass wool and centrifuged for 5 min at 4600 X g. The chloroplasts were washed once by dispersing the pellet in grinding medium and recentrifuging at 4600 X g. The chloroplasts were then resuspended in grinding medium and stored in ice until used. The chlorophyll concentration was determined by the method of Arnon.'
In a typical luminescence experiment the chloroplasts were exposed to three consecutive environ- Results.-A typical recording of the luminescence caused by the injection of base (Tris) is shown in Figure 1 . The onset of luminescence appeared to coincide with the injection of base. The decay of luminescence with time did not follow either first-or second-order kinetics and was probably influenced somewhat by the rate of injection of the base (manually, with a hypodermic syringe).
At its peak, the intensity of luminescence was estimated to be of the order of 1 quantum per see per 2 The optimum duration of the acid treatment (Treatment II; Table 1 ) was not determined, but if the acid phase was prolonged for more than 1 min, the luminescence was greatly reduced. Figure 2 shows the spectrum of the luminescence induced by acid-base transition. This spectrum was obtained with the aid of calibrated Baird-Atomic interference filters of approximately 10-nm half-band width. No correction was made for self-absorption, which at the high chlorophyll concentration used here (0.054 mg/ ml) would be considerable at wavelengths shorter than 700 nm. In spite of its crudeness, this spectrum suffices to show its similarity to that of chlorophyll fluorescence.
A number of variations were introduced into the experimental protocol. Some of these, such as reversal of the acid-base sequence, were designed as experimental controls. Others were intended to test the specificity of the conditions for luminescence, as compared with the specificity for ATP synthesis.5 Finally, the effects of some inhibitors of electron flow and phosphorylation were examined. Results of these tests are shown in Tables 1 and 2. Discussion.-The experiments of Jagendorf and collaborators,' 9 in the context of Mitchell's chemi-osmotic mechanism for the coupling of electron flow to ATP syn-PROC. N. A. S. As Expt. 1 20,umoles propionic acid + The chloroplasts were suspended in 0.9 ml of H20 containing the substances listed under Treatment I. The substance listed under Treatment II, in 0.1 ml of H20, was then added. Thirty seconds later the substance listed under Treatment III, in 1.0 ml of H20, was added and the resulting luminescence was recorded. The symbol "+" denotes luminescence equal to that in Expt. 1; "-" means that no luminescence was observed. From the experiments described here, it appears that the state produced by acidbase transition can act as the starting point, not only for ATP formation, but also for a sequence of back-reactions culminating in the excitation of chlorophyll and consequent luminescence. The presence of certain anions during the acid phase ot the transition affects luminescence (Table 1) and ATP formation6 in the same way. The chemiluminescence was abolished or inhibited by several inhibitors or uii-couplers of photosynthetic phosphorylation: ammonia,11 methylamine,12 CCCP,13 and desaspidin14 (Table 2) . At least the first two of these agents increase the rate of electron transport as determined by the rate of a Hill reaction with ferricyanide.11, 12 The luminescence was also abolished by DCMU, which blocks electron flow close to the photochemical site of the oxygen-evolving System II in green plants."5 DCMU did not inhibit ATP formation induced by acid-base transition; it was a standard component of the system used by Jagendorf and Uribe.5 The cofactors ADP, orthophosphate, and Mg++ had little or no effect on the chemiluminescence. This could be expected if these factors are involved in photosynthetic phosphorylation only at points distal to the proton-gradient state.
The chemiluminescence of chlorophyll apparently provides the basis for a simple, sensitive, and rapid assay of the state investigated by Jagendorf and Uribe. This luminescence also reinforces the view that delayed light emission results from a reversal of events in the pathways leading to photosynthetic phosphorylation. A fuller understanding of these pathways may be gained if luminescence can be elicited by chemical treatments other than acid-base transition (for example, by a sudden change in oxidiation potential). Finally, the chemiluminescence of chlorophyll in vivo, when contrasted with firefly luminescence, may afford a useful comparative study of bioluminescence.
Note added in proof: Since this paper was submitted, we have found that luminescence occurs when chloroplasts oxidized with potassium ferricyanide are reduced by sodium hydrosulfite. This luminescence is inhibited by CCCP and DCMU.
The following abbreviations and trivial names are used: Tricine, tris(hydroxymethyl)methylglycine; DCMU, (3(3,4-dichlorophenyl))-1,-1-dimethylurea; CCCP, m-chlorocarbonyl cyanide phenylhydrazone; nm, nanometer.
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